SiO 2 nanoparticles have been synthesized by combining Stober's method and nonsurfactant process. The diameters and pore sizes can be controlled by altering the template and its concentration. Mesoporous SiO 2 obtained this way has extremely large surface area compared with most oxide supports, which benefits the catalytic performance. Pt nanoparticles were in situ grown on and in mesoporous SiO 2 nanoparticles with low amount of the metal and high load ratio. Furthermore, we firstly developed a novel route, called "one-pot" method, to prepare Pt/SiO 2 catalyst where mesoporous silica preparing and Pt loading occurred in one step. This method is more efficient in saving reagent, since it can prevent Pt loss. In the meantime, it enables the template to reduce agent. The catalytic activity of Pt/SiO 2 samples was measured by CO oxidation. It is indicated that the supporting silica with mesopores is more active than silica with micropores.
Introduction
With the acceleration of industrialization and the increase of pollution, new catalysts development becomes very important. It is especially true when it comes to catalysts used to process gases from the incomplete combustion [1] . The incomplete combustion occurs in gasoline engine mainly discharges three kinds of harmful emissions: carbon monoxide (CO), unburned hydrocarbon emissions, and nitrogen oxides (NOx) [2] . With the establishment of stricter exhaust standards, together with the limit reserves and high cost of rare metals, preparing efficient catalyst with trace rare metals becomes the focus of study [3] .
Three-way catalysis (TWC) which is a revolution can simultaneously converse the three major emissions into CO 2 , H 2 O, and N 2 . The active substance of TWC is usually made of Pt, Pd, and Rh loaded on oxide supporting [2] . Recently, many researches have been developed around oxide supporting such as ceria, zirconia, alumina, and composite ceria-zirconia supporting [4] [5] [6] [7] [8] [9] [10] [11] . Silica has also been used for supporting noble metals. For example, mixed oxide catalysts silica-ceria have been prepared through coprecipitation after hydrothermal synthesis for reduction and oxygen storage. The noble metals were loaded after calcination of the supports. The catalyst was fairly active. The full CO oxidation conversion was about 400 ∘ C, and the calcination limited the oxygen storage [12] . Also the catalytic performances of noble metals supported on mesoporous silica MCM-41 were investigated for the hydrodesulfurization of benzothiophene. MCM-41 was made by the surfactant method and had been treated at a very high temperature to remove the template. The catalytic reaction was carried out at 350 ∘ C which is quite high [13] . Silica is low-priced and easy to synthesize [14] . So far, most mesoporous materials are using ionic or neutral surfactants as templates to form the mesopores [15] [16] [17] [18] [19] [20] [21] . In some conditions, the species of surfactants have a number of drawbacks. For example, some cationic surfactants are toxic and expensive. The synthesis and template-removal process with surfactant method is often under harsh conditions such as high temperature and pressure and strongly acidic or alkaline media which could harm the catalyzer that the mesoporous material loads. Recent reports have shown that surfactants have side effects on the catalysis of metallic nanoparticle [22] . To solve these problems, since 1988, our group has been working on devising a novel nonsurfactant sol-gel process to make mesoporous silica materials [23] [24] [25] [26] . This method employs small and mild molecules as templates which can be simply removed by water extraction. The pore diameter of nonsurfactant mesoporous silica is narrowly distributed and tunable (2∼12 nm) which can be achieved by altering the template and its concentration. In 2009, we successfully synthesized mesoporous silica nanoparticles by combining Stober's method and nonsurfactant process [27] .
Herein, we made an attempt to prepare Pt loaded mesoporous silica catalysts using two different ways. Firstly, loading Pt nanoparticles on silica nanoparticles by reduction of Pt containing salt, mesopores gives a novel triple-nanostructural catalytic material. At low ratio of Pt : SiO 2 , the catalytic activity of CO oxidation supported by mesoporous silica is much better than SiO 2 nanoparticles with micropores. Another attempt was to combine monolithic mesoporous silica preparation and Pt load in one step which is more convenient and Pt economical. In the "one-pot" method the template for mesopores silica is also used for reduction of Pt. Similarly, Pt/SiO 2 with mesopores has much better activity of CO oxidation than those with micropores. This further confirms that Pt/SiO 2 catalyst with mesopores have higher activity than that with micropores.
Experimental Section
2.1. Chemicals. Chloroplatinic acid was purchased from Alfa Aesar, and all other chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd. The water used in all experiments was deionized water. All the chemicals were of analytical grade and used as received without further purification. 2 Nanoparticles. For the preparation of SiO 2 nanoparticles, a typical procedure described in [27] was used. The SiO 2 nanoparticles were synthesized by using fructose as template. 100 and 1000 nm diameters of SiO 2 nanoparticles were designated as samples NP-100 and NP-1000, respectively. Both were dried out for further use.
Preparation of Pt on SiO
In a typical procedure, 40 mL deionized water contained 0.1 g SiO 2 nanoparticles, 0.038 g H 2 PtCl 6 ⋅ 6H 2 O, 0.055 g PVP (MW = 55000 g/mol) and 10 mL ethylene glycol was mixed and ultrasonic-treated at room temperature. After 10-minute vigorous agitation, the solution was transferred into a silicone oil bath kept at 110 ∘ C until the solution got dark brown. The container was taken out after 5 minutes. Then it was naturally cooled down to room temperature. The solution was separated nearly equally into two centrifuge 50 mL tubes and centrifuged at 7000 r/min for 15 minutes. The precipitate at the bottom were washed both by deionized water and absolute ethanol three times and then dried out in a drying oven at 60 ∘ C overnight for further research. The Pt loaded samples were designated as NP-100-Pt and NP-1000-Pt. Samples 1/10-NP-100-Pt and 1/10-NP-1000-Pt were obtained by cutting down the Pt precursor ratio to 1/10. All the procedures can be simply described as two stages showed in Figure 1 . [28]. 4.0 g TEOS was hydrolyzed by 1 mL 0.17 mol/L HCl in a 100 mL beaker. 0.038 g H 2 PtCl 6 ⋅ 6H 2 O, 0.055 g PVP (MW = 55000 g/mol) and 0.69 g ethylene glycol were added after the hydrolysis. The solution, sealed by plastic film, was stirred at room temperature for 3 days to become a yellow gel.
"One-Pot" Preparation of
The gel without any treatment was taken to a drying oven at 110
∘ C for about 1 hour. The gel went dark brown, and it cracked into smaller pieces. These pieces were crushed into fine powder. Then the powder was washed by deionized water and absolute ethanol three times. At last the washed powder was dried out in a drying oven at 60 ∘ C overnight for further research. With the same procedure glycerol template SiO 2 has been made as well as the control sample without Pt precursor. The procedures are also shown in Figure 1 which all occurred in one beaker.
Characterizations.
The size and morphology of the SiO 2 nanoparticles were determined by a PF3950/00 scanning electron microscopy (SEM). Transmission electron microscope (TEM) was carried out using a JEM-1200 EX transmission electron microscope instrument. The N 2 sorption characterization on the powdered samples was conducted on a Micromeritics ASAP 2010 Surface Area and Pore-Size Analyzer (Micromeritics, Norcross, GA) at −196 ∘ C in liquid nitrogen. The samples were degassed at 200 ∘ C and 10
−6
Torr for several hours prior to N 2 adsorption-desorption measurement. Energy dispersive X-ray analysis (EDXA) was performed on a Sirion 200 scanning electron microscope equipped with an EDXA system to acquire the platinum content of the catalyst. The catalytic activities for CO oxidation were evaluated in a fixed-bed quartz tubular reactor. The catalyst particles (0.2 g) were placed in the reactor. The gas reactant (1.0% CO, 16% O 2 , balanced with nitrogen) went through the reactor at 100 mL/min. The composition of the gas exiting the reactor was monitored by gas chromatography equipped with a hydrogen flame ionization detector and a TDX column. Reaction temperature was controlled by a thermocouple adjustable from room temperature to 700 ∘ C.
Temperature needed for 100% CO conversion was defined as the criteria for the activity of catalysts. shows SEM image of SiO 2 nanoparticles with a fairly narrow distribution of sizes around 1000 nm in diameter. These two different kinds of SiO 2 nanoparticles are well uniformly structured but some adhesions can be seen in the image. In the synthesis of SiO 2 nanoparticles, the diameter of SiO 2 nanoparticles and pore size are simultaneously determined by the amount of template, fructose in this case. The sample was washed by abundant water till the filtrate was nearly neutral to remove the fructose template and ammonia before the characterization with isothermal N 2 adsorption-desorption. Brunauer-Emmett-Teller (BET) surface area and k pore parameters are summarized in Table 1 . Figure 3 shows N 2 adsorption-desorption isotherms at various relative pressure ( / 0 = 0-1) of the samples NP-100 and NP-1000. The results indicate that NP-100 which was made by less fructose template is essentially microporous which has quite small pore size and volume. The N 2 adsorption-desorption isotherm of NP-100 sample has no hysteresis loop which is type I isotherm while NP-1000 sample with more fructose templates shows typical IV-like isotherms with H2 hysteresis loops according to IUPAC [29] . The H2 hysteresis loop represents the pores of the sample which are mainly mesopores. This can be further certified by BJH pore distributions in electronic Supplementary Material available online at http://dx.doi.org/10.1155/2013/745397. NP-1000 sample with 80% (w/w) template has a narrow distributed diameter centering at 3.3 nm. Figures 4(a) and 4(b) illustrate transmission electron microscope (TEM) images of sample NP-100 before (a) and after (b) loading Pt nanoparticles, showing NP-100 with a narrow distribution of diameter around 100 nm and Pt nanoparticles as small dark spots. It confirmed that Pt nanoparticles had been well deposited on and in SiO 2 nanoparticles. Pt whose size is 2 to 3 nm in diameter was well dispersed. BET results of NP-100-Pt and NP-1000-Pt can also be seen in Figures 3(c) and 3(d) . After the loading, the BET surface area of NP-100-Pt decreases beyond 80% (from 540 to 103 m 2 /g) while only decreases by 14% for NP-1000-Pt (from 710 to 614 m 2 /g). BJH pore size shown in Figure 3 illustrates that the pores of NP-100-Pt are blocked out by Pt nanoparticles while pores of NP-1000 are not. It leads to the big differences of the BET surface area reduction. Catalysts with large surface area provide more reaction sites between Pt and the exhaust gas to improve the catalytic activity. Energy dispersive X-ray analysis (EDXA) results in the electronic Supplementary Material further confirmed that there are only Si, O, and Pt existing in the as-prepared NP-1000-Pt.
Results and Discussion

SiO
"One-Pot" Method of Preparation
Pt/SiO 2 . "One-pot" method for preparation of Pt/SiO 2 adopted the same ratio of 1/10-NP-1000-Pt. Figure 5 shows the TEM image of sample prepared by "one-pot" method after removing ethylene glycol template. Pt nanoparticles as small black spots in the TEM image show that chloroplatinic acid was encapsulated before gelation and then reduced in situ. There is no Pt loss in this method. Ethylene glycol is reductant as well as template. All BET surface areas and pore sizes are also summarized in Table 1 . Figures 6(a) and 6(c) show N 2 adsorption-desorption isotherms of the ethylene glycol template samples with (c) and without (a) encapsulating chloroplatinic acid. Both are type IV-like isotherms with type H2 hysteresis loops that represent mesopores which are mainly in the samples, while glycerol template sample has no loops in the N 2 adsorptiondesorption isotherm in Figures 6(b) and 6(d) which indicates that the pores are mainly mircopores. to 1/10-N-1000-Pt, while the catalytic activity of glycerol template Pt/SiO 2 (Gly-Pt) descend a lot (full CO conversion temperature is 220 ∘ C). This huge difference may be the result of the different pore size of the silica materials. As is known to all, gas can diffuse more quickly and freely through SiO 2 with mesopores than micropores [30] . Thus CO has more chances to be oxidated by Pt. The oxidation product CO 2 is much easier to get away from the catalyst with mesopores. In conclusion, Pt/SiO 2 catalyst has better activity with mesopores than micropores. EG-Pt Gly-Pt Gly Figure 6 : N 2 adsorption-desorption isotherms of "one-pot" method for prepared Pt/SiO 2 after removal of templates and the controlled samples: (e) EG, (f) Gly, (g) EG-Pt, and (h) Gly-Pt. (e) and (g) are type IV-like isotherms with type H2 hysteresis loops that represents mesopores which are mainly in the samples, while glycerol template sample has no loops in the N 2 adsorption-desorption isotherm (b) and (d) which indicates that the pores are mainly mircopores.
Conclusion
In summary, we successfully synthesized Pt/SiO 2 catalyst with different kinds of silica supporting which has quite large BET surface area. At high ratio of Pt : SiO 2 , the catalytic activity of CO oxidation showed no difference between SiO 2 nanoparticles with mesopores and mircopores (full CO conversion temperature is 130 ∘ C). When the ratio decreased to 1/10, the activity of the Pt/SiO2 catalyst can almost remain when supported by the mesoporous silica but that has a great drop when supported by the microporous one. In the "onepot" method with two kinds of template and same lower ratio, ethylene glycol template Pt/SiO 2 have much better activity of CO oxidation than glycerol. The temperature of full CO conversion of EG-Pt is 150 ∘ C while Gly-Pt is 220 ∘ C. The pore sizes of silica can be altered by different templates; that is, mesopores can be obtained with ethylene glycol while micropores with glycerol. This further confirmed that Pt/SiO 2 catalyst has higher activity with mesopores than micropores. The mesopores SiO 2 -supported Pt catalysts are potentially applied for gas purification especially for harmful emissions from automobile.
